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He later simplified this model to the micropolar fluid model [2] . Micropolar fluids successfully mimic non-Newtonian fluids containing micro-constituents such as physiological liquids, lubricants, colloidal fluids, liquid crystals, paints, polymers and gels which cannot be simulated via the classical Newtonian fluid model or even other non-Newtonian models (viscoplastic, viscoelastic etc.). The micropolar fluid model framework considers fluids consisting of rigid, randomly oriented particles suspended in viscous medium where the deformation of the particle is ignored. The theory of micropolar fluids is able to describe many complex fluids by taking into account the microscopic effects arising from the local structure and gyratory micro motions of the fluid elements. Comprehensive reviews of micropolar hydrodynamics and applications can be found in the articles of Ariman et al. [3, 4] and the book by Lukaszewicz [5] . Micropolar fluids have been studied in many contexts including tribology [6] , microbial nano-fuel cells [7] , micromachining processes [8] , hemodynamics [9] and energy system thermodynamic optimization [10] .
In many physico-chemical heat and mass transfer studies, related to both Newtonian and nonNewtonian fluids, thermo-diffusion (Soret) and diffuso-thermo (Dufour) effects play a prominent role. These effects are often of smaller order of magnitude in comparison with the diffusive effects associated with thermal conduction (Fourier's law) and mass diffusion (Fick's laws) and are frequently neglected. However these so-called cross diffusion effects become important if not dominant, in materials processing operations e.g. dendritic growth [11, 12] , magnetic separation of colloids [13] , MHD power generators [14] and aerospace combustion and flame dynamics [15, 16] where they arise in binary gas and supercritical fuel injection systems. Generally when heat and mass transfer effects occur simultaneously in a moving fluid, the relationship between the fluxes and the driven potentials become significant. An energy flux can be generated not only by temperature gradient but also by composition gradient as well. The energy caused by a composition gradient is called the Dufour effect or diffusion-thermo effect. The energy caused by a temperature gradient is called the Soret effect or thermo-diffusion effect. The thermal Soret effect can for example also generate a very strong coupling force between the species (solute) and heat transport. Due to the significance importance of Soret and Dufour diffusion phenomena for fluids with medium molecular weight as well as very light molecular weights, in recent years substantial interest has emerged in simulation of these effects in many multi-physical transport problems. Postelnicu [17] considered magnetic free convection in porous media with Soret and Dufour effects. Alam and Rahman [18] investigated combined Dufour and Soret effects on hydromagnetic natural convection flow in a porous medium. Further studies of Newtonian flows with Soret/Dufour effects include Vasu et al. [19] (for wall mass flux effects), Bég et al. [20] (for hydromagnetic flow from an extending sheet in porous media) and Partha et al. [21] (for nonDarcian thermal convection). Non-Newtonian heat and mass transfer with Soret and/or Dufour effects has also attracted some attention. Bég et al. [22] used a finite element method to simulate two-dimensional micropolar boundary layer flows in Darcy-Forchheimer permeable materials with Soret and Dufour cross diffusion effects. Other representative studies include Bég et al. [23] and Kundu et al. [24] (again both for micropolar fluids) and Ashraf et al. [25] (for Maxwell viscoelastic fluids).
Magnetohydrodynamics (MHD) involves the simulation of flows in which electricallyconducting liquids or gases interact with an applied magnetic field. MHD is exploited in numerous modern industrial processes including vortex control [26] , ionized propulsion systems, nuclear heat transfer control, medical treatment and energy generators. These systems are increasingly deploying or already feature more complex working fluids containing suspensions.
Magneto-micropolar flows are therefore greatly relevant to such systems. Many investigators have examined boundary value problems (BVPs) of such fluids in recent years using a range of computational solvers. These include Kim [27] , Borrelli et al. [28] , Rawat et al. [29] who used finite elements, Zueco et al. [30] who employed network simulation, Bég et al. [31] who used finite difference methods, Vafeas et al. [32] who used boundary element methods and Bég et al. [33] who employed homotopy methods.
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In the above investigations, the effect of Hall current in hydromagnetics has been excluded.
However Hall currents characterize stronger magnetic field effects and generate cross-flows which are important in MHD energy generators and certain materials synthesis operations.
Rotating flows in the presence of Hall currents are also of interest. Cowling [34] has shown that when the strength of the applied magnetic field is sufficiently large, Ohm's law needs to be modified to include Hall current. However, to study the effects of strong magnetic fields on the electrically conducting fluid flow, we see that the influence of the electromagnetic force is noticeable and causes anisotropic electrical conductivity in the plasma. This anisotropy in the electrical conductivity of the plasma produces a current known as the Hall current. Takhar et al.
[35] used a finite difference scheme to obtain numerical solutions for Hall magnetohydrodynamic flow from a rotating plate. Further studies include Ghosh et al. [36] who also considered magnetic induction effects and Seth et al. [37] who considered transient and ramped wall temperature effects. These studies verified the strong influence of Hall current on both flow and heat transfer.
In the present investigation we generalize and extend existing studies [38, 39] [24] . The current study is relevant to high temperature electromagnetic rheological flows in energy generators and magnetorheological materials fabrication systems (where thermal radiation heat transfer is also significant) and has not appeared in the technical literature thus far. 6 Consider the unsteady free convection flow of an incompressible and electrically-conducting micropolar fluid, heat and mass transfer from an infinite vertical moving porous plate suspended in a homogenous, isotropic, porous medium. The physical configuration is illustrated in Fig. 1 .
2.MATHEMATICAL FORMULATION
Darcy's law is assumed and low Reynolds number flow (viscous-dominated). The vertical plate is assumed to be subjected to a constant heat flux, w q and a constant concentration gradient, w m .
A magnetic field of uniform strength 0 H is applied in a direction parallel to the z axis which is perpendicular to the flow direction. It is assumed that the induced magnetic field is negligible in comparison to the applied magnetic field. Magnetic Reynolds number is very small. Applied or polarized voltage is neglected so that no energy is added or extracted from the fluid by electrical means. The fluid is considered to be a gray, absorbing-emitting but non scattering medium and The micro-elements in micropolar fluids are of dumbbell shaped and may sustain both rotary and translation motions, as elucidated by Eringen [2, 40] and more recently by Bég et al. [41] .
Generally each micro-element of micropolar fluid possesses six degrees of freedom (three corresponding to translation and three corresponding to rotation). Micropolar fluids can therefore support couple stresses, force stresses and may possess rotational micro-inertia of particles. The general case is however greatly simplified for two-dimensional flows, as considered here. With these foregoing assumptions, the governing equations under Boussinesq approximation can be written in a Cartesian of reference as follows:
The following spatial and temporal boundary conditions are prescribed: 
Here r U is the uniform reference velocity and  is a small quantity. The oscillatory plate velocity assumed in Eq. (10) is based on the model proposed by Ganapathy [42] . Integrating the mass conservation (continuity) equation (3) Rosseland's approximation (Brewster [43] ), the radiative heat flux term is given by 
Neglecting higher order terms beyond the first degree in  
, we have: (12) w.r.t z using (13) and (14), we get:
We note that the Rosseland model is quite accurate for optically-thick media where thermal radiation propagates a limited distance prior to encountering scattering or absorption. The refractive index of the fluid-particle suspension is assumed to be constant, intensity within the fluid is nearly isotropic and uniform and wavelength regions exist where the optical thickness is usually in excess of five [44] . Introducing the following non-dimensional variables:
Where all quantities with a prime are dimensionless,  is dimensionless temperature function,  is dimensionless concentration and  is the Eringen micropolar vortex viscosity parameter.
Substituting equation (16) into equations (2)- (7) and dropping primes yields the following dimensionless equations:
Here eqns. (17) and (18) are the primary and secondary translational momentum equations. Also
is the magnetic field parameter,
are Prandtl number, Schmidt number, thermal Grashof and species Grashof number, respectively.
is the permeability of the porous medium, To obtain desired solutions, we now simplify Eqns. (16) - (21) by formulating the translational velocity and angular velocity in complex form:
The emerging unsteady partial differential conservation equations for linear momentum, angular momentum, energy and species conservation then assume the form:
The associated boundary conditions (22) become:
FINITE ELEMENT SOLUTIONS
The set of time-dependent, reduced, non-dimensional, coupled partial differential equations (24)- (27) subject to boundary conditions (28) Some recent examples of applications with associated computational details of finite element modelling of non-Newtonian magnetohydrodynamic flows include pulsating magneto-rheohydrodynamics of Nakamura-Sawada bi-viscosity fluids [45] , rotating extending sheet powerlaw nanofluid dynamics [46] , radiating magneto-micropolar shrinking sheet flow in porous media [47] and dissipative second order viscoelastic nanofluid extrusion flows [48] . The fundamental steps involved in the finite-element analysis of a problem are as follows:
Step 1: Discretization of the infinite fluid domain into finite elements:
The whole domain is divided into a finite number of sub domains, processes known as discretization of the domain. Each sub domain is termed as finite element. The collection of elements is then denoted the finite-element mesh.
Step 2: Derivation of element equations:
The derivation of finite element equations ., .e i algebraic equations among the unknown parameters of the finite element approximation, involves the following three stages. Step 3: Assembly of Element Equations:
The algebraic equations so obtained are assembled by imposing the inter-element continuity conditions (i.e. the values of the nodal variables at the nodes are identical for two or more elements). This yields a large number of algebraic equations known as the global finite element model. This governs the whole flow domain.
Step 4: Imposition of boundary conditions:
The initial and final boundary conditions defined in equation (28) are imposed on the above obtained assembled equations.
Step 5: Solution of assembled equations:
The final matrix equation obtained can be solved by a direct or iterative method.
Variational formulation
The variational formulation associated with Eqs. (24) - (27) 
. After dropping the order of integration and non-linearity, we arrive at the following system of equations. 
denote the set of matrices of order 2 2  and 1 2  respectively and ) ( prime A grid refinement test is carried out by dividing the whole domain into successively sized grids 81x81, 101x101 and 121x121 in the z-axis direction. Furthermore we ran the finite element code for different grid sizes and finally we found that all the solutions are independent of grid size.
After many tests we adopted a grid size of 101 intervals. Thus all the computations were carried out with 101 intervals of equal step size 0.01. At each node 4 functions are to be evaluated and after assembly of element equations, a set of 404 non-linear equations are obtained which may not produce closed form solutions; consequently an iterative scheme is adopted to solve the system by introducing the boundary conditions. Finally the solution is assumed to be convergent whenever the relative difference between two successive iterations is less than the value 10 -6 .
Following computation of the principal variables i.e. velocity (U), angular velocity i.e. microrotation (), temperature function () and concentration function (), certain gradients of these functions are also evaluated. These physical quantities are the skin-friction, wall couple stress, Nusselt number and Sherwood number.
Skin-friction is obtained as,
Wall couple stress is defined as,
Nusselt number is computed as,
Sherwood number is evaluated as,
VALIDATION OF NUMERICAL RESULTS
With reference to the validity and accuracy of current numerical results the skin-friction, couple wall stress, Nusselt number and Sherwood number are compared with the results reported analytically by Kundu et al. [24] in the absence of the Hall current, heat absorption, viscous dissipation, Dufour number and chemical reaction parameters and are presented quantitatively in Table 1 . Very close correlation between the present finite element numerical results and the small perturbation solutions of Kundu et al. [24] is achieved. Therefore these favorable comparisons lend high confidence in the present finite element code accuracy.
RESULTS AND INTERPRETATION
The nonlinear boundary value problem solved in the previous section is dictated by an extensive number of thermal and hydrodynamic parameters. In order to gain a clear insight into the physical problem, numerical calculations for distribution of the translational velocity, microrotation (angular) velocity, temperature and concentration for different values of these parameters is conducted with graphical illustrations (Figs. 2-29) . For the purpose of our computation, we adopted the following default parameters: 
Conversely with increasing Soret (thermo-diffusive) number, there is a reduction in Sherwood number
Sh i.e. mass transfer rates at the plate surface are decreased. Furthermore with an increase in radiation parameter ( F ) and Dufour (diffuso-thermal) number (Du) increases, the Nusselt number ( Nu ) decreases i.e. wall heat transfer rates are reduced at the plate surface. Finally with an increase in rotational parameter (R) there is initially a substantial increase in skin [49] . This effect is however mainly attributable to the acceleration in the secondary flow rather than primary flow, which is expressed via the global velocity, U. Figure. Fig. 8 shows that increasing suction significantly decreases velocity i.e. decelerates the boundary layer flow. Greater suction corresponds physically to removal of micropolar fluid via the wall. This destroys momentum, and causes the boundary layer to adhere to the wall thereby stabilizing boundary layer growth. due to which the velocity of the fluid decreases, i.e., the flow is decelerated. However, the opposite behavior is produced by the imposition of injection. The presence of wall suction therefore may be utilized to regulate flows and this has important implications in both magnetic materials processing and near-wall dynamics in MHD generators. We note that the case S < 0 corresponds to blowing (mass injection) at the wall and is not relevant to the current study and has therefore not been addressed. Overall the influence of suction is to increase momentum boundary layer thickness. , in eqn. (27) . As suction is applied the particles of the diffusing species are drawn closer to the plate. This results in a decrease of the concentration boundary layer thickness. The Darcian bulk impedance to flow is therefore also decreased. This results in an acceleration in the translational velocity, U, as observed in fig. 12 . This behaviour is sustained across the boundary layer i.e. for all values of transverse co-ordinate,. The implication for MHD energy generators is that the flow can be damped strategically via the introduction of a porous material in the flow zone and accelerated with higher permeability media. It is also apparent that microrotation i.e. angular velocity is enhanced with greater permeability parameter although the effect is prominent near the plate surface and is weakened with further distance into the boundary layer.
Since the permeability parameter does not arise in the angular momentum conservation (boundary layer) eqn. (25) the accelerating effect on micro-rotation is sustained via the boost in linear momentum experienced through the coupling terms which link both linear and angular momentum fields. The increase in permeability implies greater void space in the porous medium.
This allows an enhancement in gyratory motions as the micro-elements are afforded greater space in which to spin. Grashof number (the only case studied). For Gr >1 there is a dominance of buoyancy forces over the viscous forces, which in turn further accelerates the flow ( fig. 14) . Increasing thermal buoyancy is therefore assistive to momentum development and results in a decrease in momentum boundary layer thickness. Fig. 15 shows that an increase in species (solutal) Grashof al. [50] and Gorla [51] . ). This energizes the boundary layer, boosts momentum diffusion and leads to an acceleration in the flow. The momentum boundary layer thickness is therefore reduced. This type of effect characterizes optically-thick flows using the Rosseland model, as confirmed experimentally and theoretically by Adunson and Gebhart [52] . Fig. 18 indicates that with an increase of F the temperature profiles increases and this also increases thermal boundary layer thickness. The F parameter arises solely in the dimensionless energy conservation eqn. (26) , in the augmented thermal diffusion term, 2 . The Schmidt number is a fundamental parameter in species diffusion (mass transfer) which describes the ratio of the momentum to the molecular (species) diffusivity. The Schmidt number therefore quantifies the relative effectiveness of momentum and mass transport by diffusion in the hydrodynamic (velocity) and concentration (species) boundary layers. For Sc > 1 momentum diffusion rate exceeds the species diffusion rate. The opposite applies for Sc < 1. For Sc =1 both momentum and concentration (species) boundary layers will have the same thickness and diffusivity rates will be equal. It is observed that as the Schmidt number increases the concentration decreases. The associated decrease in species diffusivity results in less vigorous mass transfer which reduces concentration levels and also depletes the concentration boundary layer thickness. Selection of specific materials with particular molecular diffusivities therefore has a critical impact on the diffusion process in micropolar liquids and again this is an important consideration in materials processing operations where the distribution of species in fluids can be manipulated to achieve more homogenous patterns. Coriolis body force) there is a subsequent deceleration in the flow.
CONCLUDING REMARKS
(xii) With greater rotational parameter an enhancement in wall couple stress coefficient (micro-rotation gradient at the plate surface) is sustained.
The current simulations have shown the strong potential of finite element methods in simulating realistic transport phenomena in magnetic rheo-materials processing. Further studies will investigate alternate non-Newtonian models e.g. dusty two-phase models and will be communicated imminently. 
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